Introduction
Unenhanced cranial CT (CCT) is the standard imaging method to assess intracranial hemorrhage (ICH) including intracerebral, sub-and epidural and subarachnoid hemorrhage [1] [2] [3] [4] . Patients with
Signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR)
We further determined the signal-to-noise ratio (SNR) and the contrast-to-noise ratio (CNR).
For SD-CCT and LD-CCT signal analysis, regions of interest (ROI) were manually drawn in the gray matter (SNR GM) and in the white matter (SNR WM) of the superior frontal gyrus (L.H.) in each patient. The mean attenuation values of the gray matter and white matter ROIs were divided by their noise level (equal to their standard deviation) to calculate the SNR according to a previous report [8] . The CNR was defined according to the formula by Mullins et al. [33] : (mean GM-mean WM)/[(SD x GM) 2 +(SD x WM) 2 ) 0. 5 .
Dose estimates
For the estimation of radiation doses, we recorded the dose length product (DLP, in mGy x cm) and the weighted volume computed tomography dose index (CTDI vol in mGy). The effective dose (ED) was calculated as a product of DLP and the normalized value of effective dose per DLP for the head (0.0023 mSv, Gy -1 cm -1
) [34] .
Statistical analysis
Statistical analyses were performed using BIAS™ version 10.12 software (2014 Epsilon, Frankfurt, Germany) with a significance level of p < 0.05. Intraobserver differences of image quality ratings were assessed by the Mc Nemar test, and DLP and CTDI vol were tested with the Wilcoxon-matched pairs test.
Results
SD-CCT was performed at the day of admission in all patients and within the first three days after hemorrhage in 43 of the 53 patients. The mean time interval from the day of bleeding to the initial SD-CCT scan was 2.0 days with a range of 0-17 days. The follow-up low dose scan was performed with 220 mAs in 22 patients and with 240 mAs in 31 patients. LD-CCT followed SD-CCT after 0-19 days and 4.5 days later in average. The mean time interval of the day of the bleeding to the follow-up LD-CCT scan was 6.5 days ranging from 0-20 days.
Image quality
All images of both SD-and LD-CCT were rated good or sufficient for all parameters by both raters implying that all images were suitable for diagnostics.
The neuroradiologist rated three parameters to be significantly better in SD-CCT than in LD-CCT (consistently for both protocols) (Table 1) , while the neurosurgeon did not find any significant differences between SD-and LD-CCT (Table 2) . Beside the visual impression (220 mAs/240 mAs: p = 0.0005/p = 0.0005), the neuroradiologist rated gray matter and white matter differentiation (220 mAs/240 mAs: p = 0.0002/p = 0.001) and the size of the edema (220 mAs/240 mAs: p = 0.006/p = 0.004) to be significantly better assessable in SD-CCT than in LD-CCT. No differences were found for outer cerebrospinal fluid spaces, size of ICH, ventricle size, postoperative changes, and basal cisterns ( Figure 1 , Figure 2 and Table 1 ).
SNR and CNR
SNR white matter, SNR gray matter and CNR were significantly lower in LD-CCT with 220 mAs compared to the SD-CCT with 350 mAs with p < 0.05, whereas the intrapatient comparison of the LD-CCT with 240 mAs to the SD-CCT with 350 mAs revealed no significant differences (Table 3) .
Dose estimates
DLP, CDTI vol and ED were significantly lower in LD-CCT examinations (220 and 240 mAs) compared to the SD-CCT protocol (350 mAs) of each patient with p < 0.0001 (Table 4) .
with greater density differences including ICH, cerebrospinal fluid (CSF) spaces, and foreign material. While performance of head CTs with reduced radiation doses in non-emergency conditions such as follow-up of hydrocephalus, ICH or post-operative evaluation has already been well established in the pediatric world [25] [26] [27] [28] [29] [30] , literature on similar LD-CCT indications in adult patients is sparse [8, 9] .
The aim of our study was therefore to find out if further dose reduction compensated by an increased IR factor is feasible in followup CCTs of ICH patients. To account for different demands on image quality, all images were read independently by an experienced neuroradiologist and by an experienced neurosurgeon.
Materials and Methods

Study population
We retrospectively selected adult patients with ICH, who received an SD-CCT (SD as defined below) at hospital admission and at least one follow-up LD-CCT (LD as defined below) between 01/2014 and 06/2014. All CTs were based on clinical indication and retrospectively reviewed for this study. The follow-up CT of each patient was performed with LD-CCT protocol as described below, if one of the following indications was present: (1) Follow up of size of hemorrhage, (2) Follow up of ventricle size or herniation, (3) Postsurgical control of foreign material (ventricle shunt systems, pressure sensor, craniectomy/craniotomy). LD-CCT was not performed in patients with new focal neurological deficits or in patients after coiling or clipping of aneurysms as the first control.
We retrospectively analyzed 53 patients (27 male, 26 females, with a mean age of 61 ranging from 19-96 years). Hereof, 14 patients suffered from aneurysmal subarachnoid hemorrhage, 24 from atypically localized parenchymal hemorrhage, 8 from subdural hematoma, 4 from epidural hematoma, and 3 patients from basal ganglia hematoma.
Image acquisition and reconstruction parameters
All patients were scanned on a 64-multidetector CT scanner Ingenuity Core (Philips Healthcare, Cleveland, OH, US).
All patients received an initial SD-CCT in axial plane with a collimation of 16 × 0.625 mm, as can increment of 10 mm, a reconstruction slice thickness of 5mm, a rotation time of 1 s, a tube current of 350 mAs, a tube voltage of 120 kV and an IR factor of 1 (algorithm "iDose" [31] ).
For the follow-up CCT with reduced radiation dose (LD-CCT), we applied two different dose protocols: one group of patients (n = 31) received reduced dose protocols with 240 mAs and 120 kV, and the other group of patients (n = 22) 220 mAs and 120 kV. In both LD-CCT protocols, iDose level was 2. All reconstructions were performed with an UB reconstruction kernel in high resolution.
Image analysis
Image quality was assessed independently by an experienced neuroradiologist (M.W.; 11 years of experience) and an experienced neurosurgeon (J.K.; 8 years of experience). We established a simplified but thereby unambiguous 3-tier scoring system (1 = good, 2 = sufficient, 3 = insufficient) reviewing a pilot set of LD-CCT (n = 20) in advance to the actual image analysis [32] . For analysis, SD-CCT and LD-CCT images of all patients were randomly arranged and visually rated using a preset questionnaire with a 3-point scoring system for the following parameters: (1) subjective visual impression, (2) outer cerebrospinal fluid spaces, (3) gray matter and white matter differentiation, (4) size of the bleeding, (5) ventricle size, (6) size of edema, (7) postoperative changes (i.e. intracranial air, foreign material), and (8) basal cisterns.
Both raters were blinded to the dose protocol, patient information (name, sex and age) and acquisition date.
Based on our results however, radiation exposure can be reduced up to almost 40% in LD-CCT controls of ICH patients using IR techniques. We could show that all findings that might have immediate therapeutic consequence are well assessable in follow-up of ICH patients using LD-CCT with the use of an increased IR factor ("iDose") compared to SD-CCT. LD-CCT was consistently rated to be an equivalent alternative to SD-CCT regarding the assessment of CSF spaces, size of the bleeding (independent of the type of ICH), and foreign material in the follow-up of ICH patients. As a
Discussion
Follow-up CCT in patients with ICH is indicated 4 to 8 hours after initial CCT to exclude rebleeding and reevaluate edema, in case of clinical deterioration (e.g. increasing intracranial pressure or rebleeding) or after surgical intervention (e.g. external ventricular drainage, decompressive craniectomy) [35, 36] . Therefore clinical management of ICH requires repeated head CT-examinations controls in younger patients with increased risks for radiation injury. consequence, LD-CCT might therefore be also applicable in other clinical indications in the future that also focus on the assessment of the CSF spaces or foreign material including patients prior to lumbar puncture, in the follow-up and monitoring of the ventricles width (e.g. in patients with intracranial neoplasms or suspected CSF leakage), or after implantation of ventricle shunt systems to control their localization and to exclude hemorrhage.
(n = 22)
In order to increase the validity of our results, all images were rated by a neurosurgeon and a neuroradiologist independently, who might have different claims on image quality. It could be shown that the neuroradiologist rated the LD-CCT to be significantly inferior compared to SD-CCT regarding the gray matter and white matter differentiability, the assessment of edemas, and the visual impression. This finding however seems to exclude the standardized use of LD-CCT in every patient at the moment. In particular, patients with new focal neurological deficits, who might suffer from an acute stroke, encephalitis, small space occupying lesions, or other suspected lesions causing only subtle density differences should not be examined with LD-CCT as the primary imaging method [37] [38] [39] . Our findings are in line with the results of previous studies, where it could be shown that iterative reconstruction and reduced dose levels of 25% or more reduced the detection rate of low contrast cerebral lesions [40, 41] .
The reason for decreased visual impression, gray matter and white matter differentiability and assessment of edema in LD-CCT should lie primarily in its increased factor of iterative reconstruction to compensate decreased radiation dose. While our LD-CCT protocol is well balanced for high density differences, there is an imbalance of image quality and decreased radiation exposure for subtle density differences leading to impaired visualization. As described above in detail, the level of noise reductions in IR is inversely correlated with an altered "smoothened" or even "plastic" image appearance [11, 23, 24, 42] . To account for this effect, the percentage of IR strength used must be adapted to the percentage of the reduced radiation dose in order to provide proper image quality [16] .
Moreover, as each manufacturer uses different IR reconstruction algorithms, the noise properties of the resulting images are quite different [43] . As a consequence, image quality parameters such as sharpness and gray matter and white matter differentiation might also be dependent on the applied IR algorithm. Therefore, further large and multicenter investigations with different CT scanners and manufacturers are needed to learn more about the effects of iterative strength levels and algorithms on image quality parameters.
As expected and previously described [11, 12, 16, 17] , SNR and CNR were significantly lower in the LD-CCT protocol with 220 mAs compared to the SD-CCT protocol with 350 mAs, while only a trend to a decrease could be shown for the LD-CCT with 240 mAs.
To the best of our knowledge, this is the first study to evaluate diagnostic performance of IR based initial SD-CCT and IR based follow-up LD-CCT for the same adult patient with ICH. Recently, Corcuera-Solano et al. [9] compared objective image quality parameters such as SNR and CNR and subjective quality ratings of the granularity, gray matter and white matter differentiation, and the overall quality of LD-and SD-CCT for the same patient. However, they did not focus on the conspicuity of the hyperdense bleeding and its possibly space occupying side effects such as hypodense edemas or other shifting of the cerebrospinal fluid spaces, crucial for acute intervention. Further, we were first to compare image quality ratings from the neuroradiological and neurosurgical perspective with possibly different demands onto the CT examination.
As a limitation, time span from the bleeding to the SD-CCT and between SD-CCT and LD-CCT differed and reached up to 20 days. Therefore, density differences of bleeding and edema might have varied significantly. Further, the sample size of our retrospective study was quite low, and all scans were performed on the same scanner. It might be interesting to investigate the effects of different scanners and different manufactures in a multicenter study on a larger number of patients with uniform parameters of image acquisition/ reconstruction and image quality assessment as a prerequisite for optimal comparability of the results.
In conclusion, low dose CCT scans with a dose reduction of up to almost 40% can be used in the routine follow-up of adult patients with intracranial hemorrhage. All relevant aspects including size of hemorrhage, mass effect, foreign material, and cerebrospinal fluid spaces can be assessed with good certainty using LD-CCT. As a consequence, LD-CCT might also be applicable in other indications focusing on those aspects and should be investigated in the future. However, image quality of LD-CCT is still not sufficient for the assessment of pathologies with subtle density differences. Therefore, it is not possible to use LD-CCT as the standard protocol for patients with focal neurological deficits, especially in stroke diagnostic, at the moment.
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